The immune system of plants consists of two main arms, pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI). The multiple effectors that trigger ETI are translocated into plant cells by the type III secretion system (T3SS) of pathogenic bacteria. The rice-avirulent N1141 strain of Acidovorax avenae causes ETI in rice, including hypersensitive response (HR) cell death. Sequence analysis indicated that the N1141 genome contains the hrp gene cluster (35.3 kb), including genes encoding the T3SS apparatus. The T3SS-defective N1141 mutant (NÁT3SS) did not cause HR cell death, suggesting that ETI is caused by translocation of effector proteins into rice cells via T3SS. Computational sequence analysis predicted that Lrp, HrpW, and HrpY are secreted by T3SS. The hrpY deletion mutant (NÁhrpY) did not cause ETI, suggesting that HrpY is an important effector of ETI in the interaction between A. avenae N1141 and rice.
Plants are constantly challenged by potentially disease-causing microorganisms. However, they are resistant to most microbes, relying entirely on their own immune responses for defense. They have evolved a multilayered immune system that recognizes and responds to invading pathogens. The first layer includes pattern recognition receptors that detect conserved microbial molecules, referred to as pathogen-associated molecular patterns (PAMPs), and these initiate PAMPtriggered immunity (PTI). 1) PAMPs include molecules and structures characteristic of pathogens, includingglucan, polysaccharide chitin, ergosterol, lipopolysaccharides (LPS), flagellin, and EF-Tu.
2) Among these PAMPs, the best-characterized PAMP in plants is the flagellin protein, which constitutes the main building block of bacterial flagella. In Arabidopsis, the perception of flagellin depends on the single-pass transmembrane leucine-rich repeat-type receptor kinase FLS2 (flagellin sensing 2), and flagellin perception signal activates a downstream mitogen-activated protein kinase pathway, which involves AtMEKK1, AtMKK4/AtMKK5, and AtMPK3/AtMPK6. 3) Another layer of the plant immune system recognizes specific pathogen effector molecules using nucleotidebinding site leucine-rich repeat resistance proteins. This recognition response is associated with the long-standing gene-for-gene theory, and is now known as effectortriggered immunity (ETI). 1) ETI engages signaling pathways that partially overlap with those of PTI, but generally results in a faster and more intense immune response, one outcome of which is rapid and localized programmed cell death known as the hypersensitive response (HR). ETI depends on the pathogens' type III secretion system (T3SS), which injects several effector proteins into the host cell. 4) In many plant pathogenic bacteria, the T3SS apparatus and related proteins are encoded by genes located in hypersensitive response and pathogenicity (hrp) gene clusters. In Xanthomonas campestris pv. vesicatoria, the causal agent of bacterial spot disease in pepper and tomato plants, T3SS is encoded by at least six loci, which are clustered in a 23-kb hrp gene cluster. 5) Expression of the hrp operons is activated in plants by products of two regulatory genes, hrpG and hrpX. HrpG is a member of the OmpR family of two-component response regulators. HrpG controls the hrpG regulon, including genes for type III effector proteins. In most cases, HrpG effects regulation via the AraC-type regulator HrpX. 6) Acidovorax avenae is a gram-negative bacterium that causes a seedling disease characterized by the formation of brown stripes on the sheaths of infected plants.
A. avenae has a wide host range among monocotyledonous plants, but, individual strains of this pathogen infect only one or a few host species. For example, the K1 strain, isolated from rice, can infect only rice plants y To whom correspondence should be addressed. Tel: +81-749-64-8162; Fax: +81-749-64-8140; E-mail: k sai@nagahama-i-bio.ac.jp Abbreviations: DAB, 3,3 0 -diaminobenzidine; ETI, effector-triggered immunity; FLS2, flagellin sensing 2; hpa, hrp-assosiated; HR, hypersensitive response; hrc, hypersensitive response and conserved; hrp, hypersensitive response and pathogenicity; LPSs, lipopolysaccharides; LRR, leucin-rich repeat; MAMP, microbe-associated molecular pattern; PAMP, pathogen-associated molecular pattern; PTI, PAMP-triggered immunity; T3SS, type III secretion system (virulent), whereas the N1141 strain isolated from finger millet does not infect rice, even after it is inoculated into rice tissues (avirulent). 7) We have reported that the riceavirulent N1141 strain causes several immune responses, including HR cell death, H 2 O 2 generation, and the upregulation of defense genes, whereas the rice-virulent K1 strain does not induce these immune responses.
8) The pattern of induction of all known immune responses indicates that both PTI and ETI are triggered rapidly and coordinately when the N1141 strain infects a rice plant. 9) To identify the specific molecules related to the induction of PTI and ETI in rice, we raised an N1141-specific antibody and then absorbed with the virulent K1 strain. The specific antibody detected the flagellin protein, and the flagellin purified from N1141 strain induced PTI in cultured rice cells. Furthermore, a flagellin-deficient N1141 strain lost the ability to induce PTI. Thus flagellin from N1141 strain can be characterized as a PAMP that causes PTI in rice. 8) When rice cells were inoculated with the N1141 strain, rapid cell death was observed. This was dependent on de novo protein synthesis, accompanied by 180-bp nucleosomal DNA laddering and characteristic changes in cell morphology including plasma membrane shrinkage and nuclear condensation. [9] [10] [11] Induction of HR cell death indicates that both PTI and ETI are induced by interaction between the N1141 strain and rice cells. Since infection by the N1141 strain induced HR cell death, we postulated that the N1141 strain contains a specific effector protein that is injected into rice cells via T3SS. Based on this, we searched for a hrp gene cluster within the N1141 genome, using gene sequence similarity. Here, we present the complete structure of the hrp gene cluster in the A. avenae N1141 strain and describe a novel effector protein that causes ETI in rice cells.
Materials and Methods
Plant and bacteria. Suspension cultures of rice cells, line Oc (Baba 1986 ) were grown at 30 C under light irradiation.
12) The cells were diluted in fresh medium every 7 d, and all experiments were performed 4 d after transfer. Acidovorax avenae strains N1141 (MAFF 301141) was used as previously described. 7) Finger millet (Eleusine coracana) was grown for 3 to 4 weeks in a growth chamber under 16 d (200 mE m À2 s À1 at 30 C) and 8 h night (25 C) cycle at 65% relative humidity. The bacteria were suspended in sterilized distilled water (10 9 cfu/mL) and inoculated by the single-needle method. 7) The inoculated seedlings were maintained in a growth chamber under the same conditions. Eight day after inoculation, pathogenicity was determined by assessing brown stripe development around the inoculation site.
Identification of the hrp gene cluster. A genomic library of N1141 strain was constructed using a SuperCos 1 Cosmid Vector Kit (Stratagene, La Jolla, CA) according to the manufacturer's protocol. The N1141 genome library consists of a partially digested Sau3AI fragment of the N1141 genomic DNA ligated into the BamH1 site of the SuperCos 1 vector. The hrpR conserved regions were amplified using a set of specific oligonucleotide primers (HRA-F, 5
0 -CAGCA-GGTGCCGCCGAACATGG-3 0 and HRA-R, 5 0 -CACGAACAGCAG-CAGCTTGA-3 0 ) from the N1141 genome DNA. Each clone from the N1141 genomic cosmid library was plotted on a Hybond-N þ nylon membrane (GE Healthcare, Pittsburgh, PA) using the Biomek1000 Workstation (Beckman Coulter, Fullerton, CA), and colony hybridization on a high density membrane was performed using the hrcR region as a probe. Two cosmid clones were partially fragmented by sonication and subcloned into pBluescript SK þ . About 1,000 inserts were sequenced utilizing each of the M13 forward and reverse primers with a DNA sequencer (ABI PRISM 3700 DNA Analyzer, Applied Biosystems, Carlsbad, CA). Sequence homologies were examined with the GenBank/EMBL database using the Blast program.
Detection of immune responses in cultured rice cells. HR cell death in the cultured rice cells was detected by Evans blue staining, as described previously. 9) To examine cell death induction by several A. avenae strains, cultured rice cells were inoculated with bacteria (10 8 cfu/mL) at 30 C at various durations after inoculation. Cultured cells were replaced in 24-well tissue culture plates and incubated for 15 min with 0.05% Evans blue containing 50 mM HEPES-KOH (pH 7.2), and then were washed extensively to remove the excess dye. The dye incorporated in the dead cells was extracted with 50% methanol with 1% SDS for 12 h at room temperature, and the absorbance at 595 nm was used for quantification. 13) H 2 O 2 generation in the cultured rice cells was detected by DAB staining, as described previously. 14) Cultured rice cells were inoculated with bacteria (10 8 cfu/mL) at 30 C for various periods after inoculation. Following two washes with PBS, the cultured rice cells were incubated for 20 min with DAB solution (1 mg/mL 3,3-diaminobenzidine (DAB)-HCl, 50 mM Tris-HCl, pH 6.0), then washed extensively with distilled water. Images were acquired using a digital camera (EF-S18-55II U, Canon, Tokyo). For quantitative analysis of the DAB assay, color images were converted to gray scale images with 256 shades of gray using IPLab Spectrum 2.4 software (Signal Analytics Corp., Vienna, VA). The intensity of the DAB staining in these images was then estimated.
Quantitative real-time RT-PCR. Total RNA was isolated from cultured rice cells using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) with DNase digestion following to the manufacture instructions. Quantitative real-time RT-PCR was performed on an Opticon2 (Bio-Rad, Hercules, CA) using a QuantiTect SYBR Green RT-PCR Kit (Qiagen) with the following PAL gene-specific primers: forward, 5 0 -GGCGAGGAGTGCAACAAGGTGTT-3 0 , and reverse, 5 0 -TGGGTGTATGGCAATGGCAATGG-3 0 , and LOX gene-specific primers: forward, 5 0 -CAGACGAGGCCTGGAACAGCGA-3 0 and reverse, 5
0 -TTCATCAGCTGGTACGGCAGGAT-3 0 . The sizes of the PCR products were examined to confirm that only mRNA was amplified in all the qRT-PCR experiments. The fluorescence data produced sigmoidal amplification plots in which the number of cycles was plotted against fluorescence. The PAL and LOX mRNA levels, calculated using a calibration curve prepared using standard PAL and LOX genes of known template amounts (1 ng-0.1 pg) and normalized based on the reference gene, Act-1.
Microarray analysis. Microarray analysis was performed using previously prepared rice cDNA microarrays that included 3,353 independent rice cDNA clones. 15) Following incubation with one of the bacterial strains or incubation without bacteria, the cultured rice cells were ground in liquid nitrogen. Total RNA was extracted with Isogen (Nippongene, Tokyo), and the mRNA was purified using a Oligotex-dT30 mRNA Purification Kit (Takara, Kyoto, Japan). Cy3-and Cy5-labeled cDNA probes were prepared with a CyScribe FirstStrand cDNA Labelling Kit (GE healthcare) following to the manufacturer's protocol. Labeled probes were treated with 2 mL of 2.5 M NaOH. After incubation at 37 C for 15 min, 10 mL of 2 M HEPES was added to the probe solutions for neutralization. The synthesized probes were further purified with a CyScribe GFX Purification Kit (GE healthcare) following the manufacture protocol. Distilled water 250 mL was added to the purified probe solutions, which were then poured onto Microcon YM-30 columns (Millipore, Bedford, MA). After centrifugation for 6 min at 4;000 g, the flow-through was discarded, added and the samples were spun again. This was repeated three times. The probe retained by the Microcon was significantly brighter than the flowthrough product. Probes were collected by inverting the filter and spinning it for 1 min. Probe samples were denatured by placing them in a 95 C block incubator for 3 min. Then they were left at room temperature for 10 min and used for hybridization. Added to 25 mL of each of the various labeled probe samples and the samples were centrifuged at 15;000 g for 5 min to remove particulate matter. The probes were placed onto the center of the array to avoid the formation of bubbles. A cover slip was placed over the entire array surface, also to avoid bubble formation. Poured onto five paper towels and placed on a separate part of the slide to provide humidity in the hybridization cassette. The slides were placed in a sealed hybridization cassette and incubated in a hybridization incubator (Taitec, Saitama, Japan) at 65 C for 12 to 14 h. After hybridization, the slides were soaked in washing solution 1 (0:1 Â SSC and 0.02% SDS), and then were tilted down to remove the cover grass. The slides were placed into slide racks and plunged up and down 3 times in washing solution 1 at 55 C for 10 min. The slide racks were transferred to washing solution 2 (0:2 Â SSC and 0.02% SDS) at 55 C for 10 min. The slides were plunged up and down in 0:2 Â SSC for 10 min at room temperature to remove SDS. After repetition of this washing procedure in 0:2 Â SSC 3 times, the slides were washed in distilled water for 1 min, spun at 1;500 g for 5 min, and dried in a dry box. Microarrays were scanned with a scanning laser microscope, model ScanArray4000XL (GSI Lumonics, Billerica, MA). Separate images were acquired for each fluorescence at a resolution of 10 mm per pixel. For microarray data analysis, we used ImaGene version 5.1 (BioDiscovery, Los Angeles, CA) and GeneSpring 5.0 (Silicon Genetics, Redwood, CA). The local background was subtracted from the value of each of the spots on the array. Spots covered by dust particles, missing spots, spots with low signal intensity, and spots in high background areas were flagged as candidates for exclusion after further analysis. Normalization between the Cy3 and Cy5 fluorescent dye emission channels was achieved by calculating the ratio between the total Cy3 signal from all the spots in relation to the total Cy5 signal from all spots.
15)
Generation of T3SS, hrpW, hrpY, and lrp deletion mutants. To generate a T3SS-deficient N1141 mutant, the region from hrcV to hrcS was PCR amplified from N1141 genomic DNA with a set of specific oligonucleotide primers (hrcV-S FOR 5 0 -AGGACCATTCCATGGC-CAAACGATT-3 0 and hrcV-S REV, 5 0 -TCCTGGGAGTACTGTTCC-TGCTCTT-3 0 ). The purified products (5 kbp) were ligated into pCR2.1 TOPO (Invitrogen, Carlsbad, CA). The resulting plasmid, pYN601, was digested with SacII, and 7-kbp DNA fragments were self-ligated to produce pYN602. The trimethoprim resistance gene was PCR amplified from pBBR1Tp with one set of specific oligonucleotide primers (Tmp-F 5 0 -AGATCTATCACCAGCTCACCGTCTTTCA-3 0 and Tmp-R, 5 0 -CCATGGAAATGAGACGTTGATCGGCACG-3 0 ).
16)
The amplified fragments were cloned into pCR2.1 TOPO vector (Invitrogen). The resulting plasmid was digested with bglII and NcoI, and then cloned into the pK18mobsacB vector. 17) The plasmid was designated pK18mobsacBTMP. The BamHI-XhoI fragment from pYN602 was cloned into pK18mobsacBTMP vector. The resulting plasmid was designated pK18mobsacBTMP-NÁT3SS. To generate the hrpY-deficient N1141 mutant, p26F4 cosmid vector was digested with NspV and then cloned into EcoRV-digested pCR Ò II-TOPO. The resulting plasmid, hrp26F4NspV-TOPOII, was digested by FseI and then self-ligated to remove the hrpY gene. The resulting plasmid was digested with SpeI and XbaI, and then cloned into the pK18mob-sacBTMP vector (pK18mobsacBTMP-NÁhrpY). To generate the hrpW-deficient N1141 mutant, Hrp26F4NspV-TOPOII was digested with EcoRV and MluI, and then self-ligated to remove the hrpW gene. The SpeI-XbaI fragment from the resulting plasmid was cloned into pK18mobsacBTMP, and the resulting plasmid was designated pK18mobsacBTMP-NÁhrpW. To generate the lrp deletion mutant, approximately 1-kbp DNA fragments located on each side of lrp were PCR amplified using two sets of specific primers (LRP-UP-F, 5
0 -ACTAGTGATGCACCGGACTGAGAACT-3 0 and LRP-UP-R, 5 0 -GTGGTCAGCCGGACATCGCGCTGATCCGAC-3 0 for the upstream region of N1141 lrp, and LRP-DOWN-F, 5
0 -CGCGATGTCCGGCT-GACCACGAGGGGCACCT-3 0 and LRP-DOWN-R, 5 0 -ACTAGTCC-TTCATGCAGGGCGATACC-3 0 for the downstream region of N1141 lrp). Each amplified DNA fragment was mixed and re-amplified using the LRP-UP-F and LRP-DOWN-R primers. The 2-kbp PCR products were cloned into pGEM Ò -T Vector (Promega, Madison, WI), and the resulting plasmid was digested with SpeI. The digested fragment was cloned into pK18mobsacBTMP, and the resulting plasmid was designated pK18mobsacBTMP-NÁlrp. The resulting plasmids, pK18mobsacBTMP-NÁT3SS, pK18mobsacBTMP-NÁhrpW, pK18mobsacBTMP-NÁhrpY, and pK18mobsacBTMP-NÁlrp, were electro-transformed into A. avenae N1141. After transformation, the bacterial cells were plated on LB agar plates containing 20 mg/mL the kanamycin and incubated for 48 h at 30 C. The resulting colonies were inoculated into Pseudomonas F liquid medium containing 26% sucrose and incubated for 72 h at 30 C to excise the plasmid by a second crossing-over event. The resulting bacteria were designated NÁT3SS, NÁhrpW, NÁhrpY, and NÁlrp.
Protoplast preparation and gene transformation. Rice protoplasts were isolated from Oc cultured cells, and PEG-mediated transformation was done as described previously.
11) Cultured rice cells were digested in an enzyme solution containing 1.0% w/v cellulase Onozuka RS (Yakult, Tokyo), 0.5% w/v macerozyme R10 (Yakult), 0.1% w/v pectolyase Y23 (Kyowa Chemical, Osaka, Japan), 0.6 M mannitol, 5 mM MES-KOH (pH 5.7), 10 mM CaCl 2 , and 0.1% w/v bovine serum albumin (BSA) at 30 C for 2-3 h without shaking. Protoplasts were separated from undigested cell clumps by filtration using a 100-mm cell strainer and collected by centrifugation at 80 g for 3 min at room temperature. The protoplasts were gently resuspended and washed twice in KMC solution (117 mM KCl, 82 mM MgCl 2 , and 85 mM CaCl 2 ). The protoplast concentration was quantified using a hemocytometer and a light microscope. Almost all the protoplasts were observed in their usual healthy, round shape. Before PEG-mediated transformation, the protoplasts were centrifuged and resuspended at 
Results
Identification of the hrp gene cluster of A. avenae N1141
To determine whether the hrp gene cluster is present in the genome of A. avenae strain N1141, a set of specific oligonucleotide primers (HRA-F and HRA-R) was synthesized based on the conserved hrpR regions of several gram-negative bacteria. PCR amplification of genomic DNA from N1141 produced a 465-bp product. The nucleotide sequence of the amplified DNA was similar to that of hrpR of Ralstonia solanacearum (78%), suggesting that the N1141 genome contains the hrp gene cluster.
To isolate the hrp gene cluster of N1141, we used a genomic cosmid library derived from this strain. Colony hybridization on a high-density membrane was performed using the hrcR region as a probe. We recovered two cosmid clones, p10C6 and p26F4. Restriction enzyme digestion and pulsed-field gel electrophoresis analysis revealed that p10C6 and p26F4 contained inserts of approximately 44.3-kb and 38.6-kb respectively. Southern hybridization confirmed that the inserted fragments contained the hrcR probe sequence (data not shown). Pulsed-field gel electrophoresis and Southern hybridization analysis indicated that p10C6 and p26F4 overlap over a 15.4-kb region (Fig. 1) . The complete DNA sequence of the cosmid inserts revealed that the hrp gene cluster of A. avenae N1141 consists of a 35.3-kb region that contains 24 putative open reading frames (ORFs) (Fig. 1) .
The DNA sequence of the hrp region of N1141 contained 10 hrp genes, nine hrc (hypersensitive response and conserved) genes, four hpa genes, and one lrp gene. All of the predicted Hrp, Hrc, Hpa, and Lrp proteins of N1141 are compared with related proteins in Table 1 . In total, there were eight predicted plant-inducible promoter (PIP) boxes in the N1141 hrp gene cluster and 11 translational units ( Table 1) .
Role of the N1141 hrp gene cluster in ETI Many gram-negative plant pathogenic bacteria use T3SS to inject effector proteins into plant cells. These effector proteins are considered to be virulence factors in the host cells as well as factors that induce immune responses in the non-host cells. Mutations in the hrp genes generally abolish pathogenicity in susceptible host plants and the induction of immune responses (including HR cell death) in resistant non-host plants. 1) Hence, we constructed a T3SS-deficient mutant of N1141 in order to assess the involvement of the hrp gene cluster in rice immune responses.
Among the hrp genes identified in N1141, hrcV, hrcQ, hrcR, and hrcS encode components of the T3SS apparatus. Hence, a defect in any of these genes should result in a serious dysfunction in T3SS. To determine whether the N1141 hrp region is involved in the induction of rice immune responses by A. avenae strain N1141, we generated on hrcV to hrcQ deletion mutant by homologous recombination. The regions upstream of hrcV and downstream of hrcQ were ligated into the pK18mobsacB plasmid. An isogenic hrcV to hrcQ deletion mutant was made using this plasmid, and the resulting mutant was designated NÁT3SS. The NÁT3SS mutant exhibited the same growth rate in liquid medium as the wild-type N1141 (data not shown).
Next, we examined the ability of NÁT3SS to induce HR cell death. When wild-type N1141 (final concentration, 10 8 cfu/mL) was inoculated into cultured rice cells, HR cell death was detected 6 h after inoculation, and the number of dead cells gradually increased until 9 h after inoculation. In contrast, inoculation with NÁT3SS did not cause detectable cell death in the cultured rice cells until 9 h after inoculation ( Fig. 2A) .
We have reported that H 2 O 2 generation in cultured rice cells increases upon inoculation with the avirulent N1141 strain but not the virulent K1 strain, and H 2 O 2 generation is essential for the induction of HR cell death. 11, 14) Thus, the generation of H 2 O 2 is an important component of ETI. We inoculated N1141 wild type and the NÁT3SS strain into cultured rice cells and quantified the H 2 O 2 that accumulated by DAB staining. When wild-type N1141 was inoculated into cultured rice cells, H 2 O 2 was rapidly generated, within 6 h of inoculation, and the ratio of H 2 O 2 generation gradually increased until 9 h after treatment. In contrast, NÁT3SS did not cause a detectable increase in H 2 O 2 6 h after treatment, and only a comparatively small amount of H 2 O 2 was detected 9 h after inoculation (Fig. 2B) .
Several effector proteins induce immune responses in non-host plants, but cause disease symptoms in the host plant.
1) Hence, next we asked whether NÁT3SS loses the ability to cause disease or to induce immune responses in host plants. When finger millet (the host plant of N1141) was inoculated with the N1141 wild type and maintained at 30 C, brown stripe lesions were observed around the inoculation points on the sheath 8 d after inoculation (Fig. 3 ), but no brown stripe symptoms were observed when either NÁT3SS or distilled water was inoculated (Fig. 3) .
Global gene expression profile in cultured rice cells inoculated with the T3SS-deficient N1141 mutant
We have reported expression profiling of rice cells using cDNA microarrays that included 3,353 independent rice cDNA clones. 15) This experiment indicated that 126 genes are differentially expressed between avirulent N1141 and virulent K1 inoculations. These 126 genes were thought to be immune-related, because N1141 causes immune responses in rice, including ETI, but while K1 does not. To assess the expression of the immune related genes by the NÁT3SS, we compared the expression profile of rice after inoculation with the N1141 wild type and the NÁT3SS strains using rice cDNA microarrays. In the N1141-inoculated cultured rice cells, 126 genes were specifically up-or downregulated, whereas approximately 83% of these genes (104 genes) were unresponsive in NÁT3SS (Fig. 4) .
Among these 104 genes, we found some known to be involved in ETI, e.q. WRKY1, myb transcription factor, Ca 2þ -dependent protein kinase 13, and MAPK (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site). Also included among the 104 unresponsive genes was transcription factor OsNAC4, previously reported to be a positive regulator of HR cell death in rice. 15) These data, together with the data regarding induction of HR cell death and the generation of H 2 O 2 , suggest that the T3SS in N1141 is essential for the induction of ETI in rice. 
N1141
N T3SS ∆ Control Arrows in the photos show the inoculation points. Inoculation with NÁT3SS or distilled water caused no symptoms, and inoculation with N1141 resulted in the formation of brown stripes around the inoculation point. Cultured rice cells were inoculated with N1141 or NÁT3SS for 0, 1, 3, and 6 h, and mRNAs from inoculated and control cells (watertreated cells) were used in microarray analysis. Labeled cDNAs prepared from cultured rice cells inoculated with N1141 or NÁT3SS were hybridized along with control cDNAs prepared from watertreated cultured rice cells. Microarray analysis was performed twice for each experiment using RNAs prepared from three different biological samples. Cy3/Cy5 signal intensities were adjusted based on the total Cy3 signal from all spots in relation to the total Cy5 signal. After quantitation of signal intensities and normalization, we identified genes that exhibited significant differences in expression during interaction with N1141 and NÁT3SS, with correction for multiple hypothesis testing (Benjamini and Hochberg false discovery rate, 0.01). The numbers of up-and downregulated genes are shown in the hollow box. Among the 126 genes that were up-or downregulated during interaction with N1141, 104 genes did not respond when cultured rice cells were inoculated with NÁT3SS, indicating that about 83% of the 126 genes were controlled by T3SS. Microarray analysis was performed twice for each experiment using RNAs prepared from three different biological samples.
Identification of the gene encoding the effector protein involved in the induction of ETI
In plant pathogenic bacteria, effectors have been identified mainly by cloning genes based on the avirulence phenotype of the mutants, sequence analysis of extracellular proteins secreted via T3SS, and characterization of the genes located in or near the hrp cluster. Moreover, many of the known T3SS effectors share N-terminal amino-acid patterns typical of T3SS substrates, although the precise secretion signal remains unknown. Computer-based analyses using this criterion has made possible the screening of a large number of T3SS effector candidates in P. syringae and R. solanacerum. 18, 19) To identify the effector candidates in N1141, putative secretory proteins encoded by hrp genes were predicted using Effective, a software package designed for sequence-based prediction of secreted proteins (http://www.effectors.org/index.jsp). Three putative proteins, encoded by lrp, hrpW, and hrpY, were predicted to be secreted via T3SS. To determine whether these three effector candidates are involved in ETI induction, we generated an lrp-deletion mutant (NÁlrp), an hrpW-deletion mutant (NÁhrpW), and an hrpY-deletion mutant (NÁhrpY) by homologous recombination. All of these mutants exhibited the same growth rate in liquid medium as the N1141 wild type (data not shown).
HR cell death was induced within 6 h of inoculation when cultured rice cells were inoculated with the N1141 wild type, and the ratio of HR cell death gradually increased until 9 h after inoculation. The same induction pattern of HR cell death was observed in cultured rice cells inoculated with NÁlrp or NÁhrpW (Fig. 5A and  B) . In contrast, inoculation with the NÁhrpY strain did not cause HR cell death until 9 h after inoculation, making hrpY a promising candidate for the effector that causes HR cell death (Fig. 5C) .
Next we examined H 2 O 2 generation in cultured rice cells after inoculation with NÁlrp, NÁhrpW, and NÁhrpY. When the N1141 wild type was inoculated into cultured rice cells, H 2 O 2 was generated 6 h after inoculation, and the ratio of H 2 O 2 generation gradually increased until 9 h after treatment. The same pattern of H 2 O 2 generation was observed in the cultured rice cells inoculated with NÁlrp and with NÁhrpW mutants (Fig. 6A and B ). In contrast, the level of generation of H 2 O 2 in the cultured rice cells inoculated with NÁhrpY decreased relative to the N1141 wild type (Fig. 6C) .
We have reported that among genes that are upregulated in cultured rice cells inoculated with the N1141 wild type, LOX gene expression was regulated by the effector protein whereas PAL gene expression was regulated not only by the effector but also by PAMPs such as flagellin. 20) Hence we examined the expression patterns of these genes in cultured rice cells. Lipoxygenases (LOXs) are a family of monomeric nonheme, non-sulfur, iron dioxygenases that catalyze the conversion of polyunsaturated fatty acids into conjugated hydroperoxides. When cultured rice cells were inoculated with N1141, an accumulation of LOX mRNA was observed 3 h after inoculation, and 6 h after inoculation the accumulation ratio of LOX mRNA was 1,800-fold greater than that of the mock inoculated cells (Fig. 7A) . The same expression pattern was obtained for the cultured rice cells inoculated with the NÁlrp and NÁhrpW strains, whereas no induction of LOX genes was observed when cultured rice cells were inoculated with NÁT3SS (Fig. 7A) . In contrast, LOX gene expression was significantly lower in the cultured rice cells inoculated with NÁhrpY than with the N1141 wild type (Fig. 7A) .
PAL catalyzes the deamination of L-phenylalanine to trans-cinnamic acid, which is the first step in the biosynthesis of lignin monomers and certain classes of phytoalexins. Quantitative real-time RT-PCR, using primers to amplify PAL cDNA, showed that PAL mRNA was induced 3 h after inoculation with the N1141, NÁhrpW, NÁhrpY, and NÁlrp strains, and the levels of it increased up to 6 h after inoculation. In contrast, comparatively low levels of PAL mRNA had accumulated by 6 h after inoculation with NÁT3SS (Fig. 7B) .
To confirm that HrpY is the effector protein that controls the ETI, we introduced an hrpY expression vector into protoplasts prepared from cultured rice cells, and then measured cell death using Evans blue. Following transient expression of hrpY in rice protoplasts, many dead cells were observed as compared with the control vector cells (Fig. 7C) . This indicates that hrpY encodes an important effector that controls ETI during interactions between A. avenae N1141 and rice.
Discussion
The results presented here indicate that the hrp gene cluster of A. avenae N1141 consists of a 35.3-kb region containing 24 putative open reading frames. Sequence analysis of hrp genes in several plant pathogenic gramnegative bacteria revealed that hrp clusters are to be classified into two groups, I and II, based on hrp gene arrangement and hrp regulatory elements. In group I, hrp expression is dependent on HrpL, a member of the extra cytoplasmic function (ECF) family of sigma factors. Hence the ECF sigma factor-dependent promoter sequence (GGAAC-N17-CACTNAA) is located within the promoter region of the transcriptional units in the group I hrp cluster. In fact, many ECF sigma factordependent promoter sequences are present in the hrp gene cluster of the group I members P. syringae and Erwinia amylovora. Group II contains R. solanacerum and Xanthomonas spp., and hrp expression in group II is dependent on HrpB or HrpX, a member of the AraC family of positive transcriptional activators. In the group II hrp cluster, a PIP (plant-inducible promoter) consensus sequence (TTCGC-N15-TTCGC) is often present within the upstream region of the transcriptional units, and a conserved sequence (YANNRT) is also present in downstream region of PIP. 21) The genomic sequence of the N1141 hrp cluster revealed eight PIP consensus sequences within the upstream region of each transcriptional unit and also conserved sequences in downstream region of each PIP. Furthermore, the deduced amino acid sequence of hrpX in the hrp cluster of A. avenae strain the N1141 was similar to that of HrpX of X. vesicatoria (33%), suggesting that the hrp gene cluster of N1141 strain belongs to group I.
The discrepancy between the hrp gene homology groups and the taxonomic relationships raises the possibility that the hrp gene cluster was acquired by horizontal transfer in a variety of pathogenic bacteria. Sequence analysis of the region flanking the N1141 hrp gene cluster revealed that the genes encoding anthranilate synthetase are located near both ends of the hrp gene cluster. In gram-negative bacteria, anthranilate synthetase consists of several subunits, and the genes encoding these subunits are contained by the tryptophan synthetic operon. Thus, in N1141, the tryptophan synthetic operon is divided into two parts by the hrp cluster. The division of the tryptophan synthetic operon is important evidence that the hrp gene cluster was acquired by horizontal transfer.
The behaviors of several immune responses in the cultured rice cells inoculated with hrcV, hpaP, and hrcQ deletion mutant (NÁT3SS) were different from that in the cultured rice cells inoculated with the N1141 wild type (Figs. 2, 3, 4 , and 7), apparently due to dysfunction in T3SS. The HrcQ protein belongs to the conserved core of the T3SS secretion apparatus, with homologs in Erwinia, Xanthomonas, and Ralstonia. 22) Notably, sequence similarity among HrcQ homologs is restricted to the C-terminal regions. This conservation together with the variability in the N-termini, led to the proposal that these proteins mediate interactions between the conserved and species-specific components of T3SS. 23) A recent crystallographic study of P. syringae HrcQ found that HrcQ participates in the formation of a C-ring assembly. 24) Thus a deficiency of HrcQ should result in a defect in the T3SS apparatus itself, and effector proteins might not be secreted through the defective T3SS. To confirm this prediction, we performed an HrpW secretion experiment using the wild-type and NÁT3SS strains. Western blotting using an anti-HrpW antibody showed that HrpW accumulated in the culture medium of the wild-type bacteria, whereas no HrpW was detected in the culture medium of the NÁT3SS strain (data not shown). The loss of ability to induce immune responses in non-host plants, and the development of disease in the host plants, might be caused by a secretional incapability of the effector proteins brought by a defective T3SS apparatus.
We have reported that induction of the LOX gene is regulated by an effector recognition signal, while induction of the PAL gene is regulated not only by effector an signal but also by the PAMP signal. 20) When cultured rice cells were inoculated with NÁT3SS, induction of LOX gene was completely abolished whereas comparatively low levels accumulation of PAL mRNA were observed. The low level induction of PAL mRNA might have been caused by PAMPs such A, LOX mRNA levels in cultured rice cells inoculated with the N1141 wild type, NÁlrp, NÁhrpW, NÁhrpY, or NÁT3SS. Asterisks indicate a significant increase (t test, p < 0:05) in LOX expression. The LOX mRNA level was calculated from the threshold point located in the log-linear range of RT-PCR. Standard samples generated using known quantities of template were used to quantitate the levels of LOX mRNA. The y-axis represents fold change relative to mRNA levels in water-treated cells (control). Open column, 0 h after inoculation; gray column, 3 h after inoculation; solid column, 6 h after treatment. B, PAL mRNA levels in cultured rice cells inoculated with the N1141 wild type, NÁlrp, NÁhrpW, NÁhrpY, or NÁT3SS. The PAL mRNA level was calculated from the threshold point located in the log-linear range of RT-PCR. Standard samples generated using known quantities of template were used to quantitate the levels of PAL mRNA. The y-axis represents fold change relative to the mRNA levels in the water-treated cells (control). Open column, 0 h after inoculation; gray column, 3 h after inoculation; solid column, 6 h after treatment. C, Cell death induction by hrpY. Protoplasts were transfected with pAHC17 (control) or pAHC17-hrpY. Twenty-four h after transfection, dead protoplasts were scored using a light microscope. The y-axis represents fold change relative to dead cells in the pAHC17-transformed cells. Each determination was done with at least 3,000 cells in each experiment. The mean values with error bars were derived from three independent experiments. as flagellin, because NÁT3SS maintains flagellin.
We predicted that three proteins, encoded by lrp, hrpW, and hrpY, all located within the hrp cluster, are secreted through the T3SS apparatus. Although the sequence similarity of the hrp cluster genes was very high between rice-avirulent N1141 and rice-virulent K1 strains, the similarities among the homologs of these specific genes (lrp, hrpW, and hrpY) were comparatively low. It is likely that lrp, hrpW, and hrpY encode the effector proteins that regulate the specific induction of immune responses. The lrp gene encodes a leucine-rich repeat (LRR)-containing protein that contains 17 tandem LRRs in its central region. Lrp has 37% sequence identity to GALA 5 of R. solanacearum GMI1000. The GALA protein has two motifs, a conserved GAxALA sequence within the LRR region, and an F-box motiflike sequence in the N-terminus. 25, 26) This structure is reminiscent of a class of eukaryotic proteins called F-box proteins. 25) F-box proteins, along with the Skp1 and Cullin1 subunits, constitute the SCF-type E3 ubiquitin ligase complex and control specific protein ubiquitinylation. Although the functions of most GALA proteins are not yet known, the GALA 7 protein of R. solanacearum is required for disease in Medicago truncatula plants, and its F-box domain of GALA 7 is essential for this virulence function. The Lrp protein of N1141 contains seven canonical GAxALA and four imperfect GAxALA sequences. Since NÁlrp retains ability to induce immune responses in rice cells, it might function as a virulence factor, rather than an immune induction factor, in N1141. Hence, it is important to clarify whether Lrp functions as a virulence factor in the host plant.
The deduced amino acid sequence of HrpW has 38% amino acid identity to the harpin protein of E. amylovora. Harpin is a glycine-rich, cysteine-lacking protein that is secreted in culture when the T3SS system is expressed, and possesses heat-stable HR elicitor activity when infiltrated at relatively high concentrations into the leaves of tobacco and several other plants. A simple harpin gene knockout mutant exhibits no detectable phenotype with respect to virulence in host plants or immune induction in non-host plants. 27, 28) However, the immune induction activity of the harpin protein has been studied primarily by injecting the purified protein into plants, and by transgenic expression in non-host tobacco plants. 29) In an infected host plant, harpin secreted by P. syringae localized within the plant cell wall region. 30) Based on these experimental data, it is thought that harpin functions as a translocon, forming the T3SS apparatus, rather than as an effector that is transported into the plant cell. In this study, an hrpW-deficient N1141 strain (NÁhrpW) retained the ability to induce immune responses in rice. This indicates that HrpW deficiency does not result in a functional breakdown of T3SS in N1141. Although HrpW shares some sequence similarity with the harpin of E. amylovora, its glycine content is relatively low (12%), and it contains 14 cysteine residues. Hence the HrpW of N1141 is not classified in the harpin family, and might not function as a harpin. Further experiments are necessary in order to elucidate the role of HrpW in immune induction.
Inoculation with the NÁhrpY strain caused no HR cell death and comparatively low levels generation of H 2 O 2 in cultured rice cells. Furthermore, 2D-PAGE analysis and sequence analysis using mass spectrometry and a protein sequencer showed that HrpY accumulated in the culture medium of the N1141 wild type (Supplemental Fig. 1 ) whereas no HrpY was detected in the culture medium of the NÁT3SS strain when these bacterial strains were cultured in hrp-derepressing glucose minimal medum (hrpMM) (data not shown), 26) suggesting that HrpY might well be the effector that causes ETI. HrpY is a glycine-and alanine-rich protein with two unique regions consisting of alanine and proline residues. The deduced amino acid sequence of HrpY has no similarity with any proteins of known function, including harpin family proteins. This indicates that HrpY represents a novel type of effector, heretofore unknown. On the other hand, because HrpY is a glycine-rich, cysteine-lacking protein, the possibility remains that it functions as a translocon in the interaction between N1141 and rice cells. It is therefore important to clarify the role of HrpY in ETI, and to determine the target proteins of HrpY in rice cells.
